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What is a Solid-State Transformer (SST)?

Medium Frequency (MF) and High Frequency (HF)
Solid State Transformer

Conventional Low Frequency (LF) Transformer

SST
Ny
H | }‘E |

ac System  LF Transformer  ac System acSystem  MF Transformer ac System
« Passive Operation * Active Power Electronics Switching with a Transformer

 Operates at 60Hz (50Hz Europe) « Transformer Decoupled from Grid Frequency

« Galvanic Isolation and Voltage Conversion « Galvanic Isolation and Voltage Conversion

- Bulky, Efficient, and Reliable « Power Dense, Efficiency and Reliability In Development

* Enhanced Functionality (Power Flow, Grid Support, etc.)
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Relevant Standards and Requirements

In Progress:
IEEE SA P3105
Recommended|

Practices

Failure Mode Analysis Recommended and Required Tests for Transformers

Covered B
23105 ¥ Standard Reference Stage
Test Acronym Development Cualification Manufacturing Fallurel Mpﬂe
\Visual Appeance ™I g" IEEE C57.12.04 X X 100% X
Physical Dimensions FOD X C57.12.51 X X 100% X
O Resstance DER \d IEEE 385 X X 100% X
Open Circuit Inductance oCL M IEEE 339 X X 100% X
Mo Load Power HLP O [EEE 38% X X Sampling | AL X
Tuns Ratia TTR Lo IEEE 339 % X 100% Q" X
|Folarity POl \ [EEE 3% X X 100%AN 5
Frequenty Resonse Analysis o IEEE C57.149-2012 X X a&&% X
Coupling Facter A M IEEE 389 X X A~ Ha X
Liakage Inductance & L IEEE 389 X X VY sampling X
Capacitance A Cum IEEE 383 X xaQY Sampling X
pewdation Becistance NJ IE IEEE 43 X N\ 100% X
C57.12 X . X 100% 3
|EEE C57.12 X .@’6 X Sampling M
IEEE C57.12.91 = < X 100% ~ X
IEEE Std C&T.12 Sampling X Sampling * X
IEEE C57.12.60 X X MA, x
IEEE C57_12.55 ® ? hLA HA
IEEE C57.98 )
IEEE C57.12 * * Sampling A
IEEE Std 1434-2014
IEEE Sid C57.12.91 X X Sampling X
I IEEE Std ©57.124
IE AT 12 Sampling Sampling Eampling i N.:ﬂury

LF Transformer Standards are of Limited Relevance to MF and HF Transformers Due to Fundamental Differences

APEC?025

General
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In-Progress: P3105 Recommended Practices

LF Standard Test Function / Purpose | MF / HF Transformer Implementation _

Partial Discharge Test Reliability
Standards Test Lifetime
Defined:

IEEE C57.12.00:2020

IEEE C57.12.01:2020

IEEE C57.12.90:2015

IEEE C57.12.91:2015

IEEE C57.98:2011

IEEE C57.113:2010

IEEE C57.124:1991

Grid Interface Criteria

Determine if normally routine C571291-2020

Use at defined levels and test procedure per IEEE
C57.113:2010 (liquid filled), or IEEE C57.124:1991 (dry-
type)

Subcomponent

Previous standards relevant with following suggestions:

1) Establish and apply standard failure mode analysis

\
2) MF / HF transformer voltage, fre%keﬁ:y, waveform.
Apply tests based on outcome @\Q?ure mode analysis.
pply X\ y

00
System el
Additional testing@é%s to be specified to consider

interactions V(iﬁ\\enclosure and other components.

*Consider motor drive standards

Perform calibration prior to test per IEEE
C57.113:2010 (liquid filled) or IEEE
C57.124:1991 (dry-type).

Report results in report format per IEEE
C57.124:1991, Figure 11.

Test MF/HF transformer to requirements
of standardized failure mode analysis,
support components to levels at Grid level
as defined per IEEE C57.113:2010 (liquid
filled) or IEEE C57.124:1991 (dg{type) on

grid side. ((\0
e\oQ
o
R
\)0
?S\.

Adoption of SST Technology Requires Existing Grid Interface Standards Maintained and Safe, Reliable Operation

APEC?025

General
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In-Progress: P3105 Recommended Practices

Non-Modular SST

I [

ac System  MF Transformer ac System

Modular SST
System
|: Converter R [ 9
Converter
| Modular
: 1 — 88T
L (ISOP)

Converter

I

« Differential Voltages < SST Voltages
Multiple Wound Core Transformers
Modular, Interchangable Converters
(EX. Input Series / Output Parallel)

« Differential Voltages = SST Voltages .
* Single Wound Core Transformer .
* LF Transformer Direct Replacement .

Hybrid SST

Y

E

ac System

:

:

Converter

N

Bk

LF Transformer

¢ Systemn

SST Voltage < Transformer Voltage
Combined LF and MF / HF
Retain LF Isolation
(Ex. Output Series)

APEC?025

General

Decrease Isolation Requirements of MF / HF Transformer From Non-Modular to Hybrid SSTs
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In-Progress: P3105 Recommended Practices

Three Subcategories of Insulation Integrity Tests Defined:

l. Between windings on opposite sides of isolation barrier

a. Test voltage - based on maximum working voltage of higher voltage side

Isolation Barrier
A

Il. Test across a specific winding

a. Testvoltage - based on maximum voltage across the winding
lll. Tests between windings on same side of the isolation barrier

a. Test voltage - based on voltage of winding with the higher working voltage

NE &b

ac System  MF Transformer  ac System
Cc;:qeodﬁBy Standard Reference Circuit Topology
Test Acronym Non Modular Modular Hybrid

Insulation Resistance IR o IEEE Std 43 | | o~ I
Applied voltage TAV XN IEEE C57.12 I T N T
Dielectric Withstanding Voltage DWwv | eV IEEE C57.12.91 | |__2\O% i
Induced Voltage \Y ‘(‘)3 X IEEE Std C57.12 Il ‘)Iéde 1l
Basic Insulation Level IEEE C57.98

Lightning Impulse Test 0%66 X IEEE C57.12 | (\6@‘ | !

& IEEE Std 1434-2014 %\\
Partial Discharge 0("’ PD X IEEE Std C57.12.91 (‘{\' | I
|EEE Std C57.124 \S)

Current Recommendations in the Draft Recommended Best Practices

APEC?025

General
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In-Progress: P3105 Recommended Practices

Insulation Integrity Tests to Be Performed at
Reduced Voltage Levels:

RL1: Tests performed across isolation barrier between
input and output side windings should be performed at
value 25% greater than the maximum working voltage

RL2: Tests performed across a winding should be
performed at value 15% greater than the maximum
working voltage

Covered By
P3105 Standard Reference
Failure Mode
Test Acronym Analysis Sequence

Visual Appeance TVI IEEE C57.12.01 1
Physical Outline Dimensions POD IEEE C57.12.51 2
DC Resistance DCR IEEE 389 3
Open Circuit Inductance OCL IEEE 389 4
Me Load Power MLP AV EEE 389 5
Tuns Ratio TTR «&°  IEEE 389 6
Palarity POL o IEEE 389 7
Freguency Resonse Analysis FRA ‘,,QY’ IEEE C57.149-2012 8
Coupling Factor Kom <V IEEE 389 ]
Leakage Inductance Lx e IEEE 389 10
Capacitance Cr.m &N IEEE 389 "
Insulation Resistance 18(0 IEEE Std 43 12
Applied voltage TAV X IEEE C57.12 13
Dielectric Withstanding Voltage DWWV IEEE C57.12.91 14 - RL1
Induced Voltage Y X IEEE Std C57.12 156 -RL2
Temperature Rise TR IEEE C57.12.60 16

|IEEE Std 1434-2014
Partial Discharge FD X IEEE 5td C57.12.91 17 - RL1

IEEE Std C57.124
Audible Noise TAMN IEEE C57.12 18 - If Mecessary

Current Recommendations in the Draft Recommended Best Practices

APEC?025

General
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Optimized Design of Magnetic Components

1. Materials and Advanced Manufacturing Processes AT \
Material & Advanced

haracterization /

2. Application Relevant Core / Component
Characterization

3. Advanced Design Tools
— Equivalent Circuit Models
— Multi-Objective Optimization
— Finite / Analytical Simulation

4. Standards and System Level Requirements ‘
Optimal MF / HF Magnetic Components

Design of Magnetic Components Requires Multi-Faceted Considerations and Systematic Methods

APEC?025 ener

8 of 30



High Power SST Design Considerations

Specifications and Requirements

[deal
Eoa  Liakng) Transforimet Lising2 FRog

Ny Rcu1 5 Rewz = Winding Resistance N,:N, = Turns Ratio

e V, = Primary Voltage L cakage1 s LiLeakage2 = L€akage Inductance
V, = Secondary Voltage Cs, C1, C2 = Parasitic Capacitance
L1 H L2 ldzal . .
S e Tran;ﬁnner - Grounding and Isolation - Volume, Mass
— I ==3 E - Insulation Class - Efficiency
- Maximum Temperature - Current and Power (kVA)

Packaging,

Transformer

Core and Windings

Thermals,
Terminations

Topology Selection

APECEUQS General 9 of 30



SST Topologies & Transformer Requirements

Dual-Active Bridge Converter

Phiase-shified

- High Magnetizing Inductance

- Integrated Leakage
- Separate Inductor

- Minimum Capacitance

Power Tranafer

=13 L _vidgy (m—|dyl
2 digw) = :
| =d=i 2xf Py T

Normalized

- t t T
-l 08 -06 04 02 O 02 04 06 OB 1D

Normalized Phase-Shifi Angle
Kirsten AL, Fraytag J, Cunico LM, de Oliveira TH, Gabriel Carloto F, Dalla
Costa MA. Int J Circ Theor Appl. 2022; 50(7): 2423-2438. doi:10.1002/cta.3249

M. N. Kheraluwala, R. W. Gascoigne, D. M. Divan and E. D. Baumann, IEEE
Transactions on Industry Applications, vol. 28, no. 6, pp. 1294-1301, Nov.-Dec. 1992.

APEC?025

- Finite Series Inductance Value

-~

—

-
-
]

MY —

General

[

N

Resonant Converter

MV Side MF Transformer LV Side

e~ - Modest Magnetizing Inductance

e

— = Finite Series Capacitance Value

- Integrated Capacitance
-  Separate Capacitor

400V

#

U, .\n'l

De L

— = Minimum or Designed Leakage

Region-1
ZI's

-

Region-3 7~

-

v

-
=
-

G. -C. Hsieh, C. -Y. Tsai and S. -H. Hsieh, 2007 IEEE Power Electronics Specialists
Conference, Orlando, FL, USA, 2007, pp. 731-736, doi: 10.1109/PESC.2007.4342078.

G. Ortiz, M. G. Leibl, J. E. Huber and J. W. Kolar, " IEEE Transactions on
Power Electronics, vol. 32, no. 10, pp. 7534-7542, Oct. 2017. 10 of 30



Transformer Topologies : Considerations

|
U,

i ili

Primary
= ==
Secondary
Secondary

Primary Secondary

- High Flux Leakage - Low Flux Leakage - Med. Flux Leakage

- Low Interwinding Capacitance - High Interwinding Capacitance - Med. Interwinding Capacitance

- High Interwinding Isolation - Low Interwinding Isolation - Med. Interwinding Isolation
Adjacent Winding (Core-Type) Concentric Winding (Shell-Type) Split Winding

APZC?025 Genera 11 of 30



Transformer Topologies : Considerations

Leakage Flux Paths Leakage Flux Paths
= == A st
f
[\ o J
| N i ..’:_ Il, | |
Sphenical Quadrant o | | '||
Flux Paths a1 . '\\ |
the corners i L]
o —
Hall Cylinder Flux Paths aterds and codls l_—/
Leakage Flux Paths Core Window Leakage Flux Paths
Half Cylinder
_ \\\ Flux Paths at T
. ysides and coils
\\‘,_ Y x |
"l Vo il 1nerice
} g PO A Core
L J Half Winding
Cylinder | Windoa:
Flux Flux
" Spherical Quadrant Parh ’ Paths
Flux Paths at at sidl L
the comers —

Leakage Flux Paths for the
Core-TypeTransformer.

- High Flux Leakage
- Low Interwinding Capacitance
- High Interwinding Isolation

Adjacent Winding (Core-Type)

APEC?025

AT | e

Transformer Circuit. Flux Loops 2 & 3 ‘ ;

are the equivalent magnetic circuit. \ ¥
4 o

Magnetizing Flux and
Leakage Flux Paths
for the Shell-Type.

- Low Flux Leakage
- High Interwinding Capacitance
- Low Interwinding Isolation

Concentric Winding (Shell-Type)

12 of 30
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Core Selection : Considerations

Electrical Steels

_  BH Characteristics for MAGHNETICE MAGHESIL

Comparison of R
Magnetic Materials |

.
o B
g .
W na
2.0 = e
=
e i Dws St 1; BE He 22041 W
E =15 o - D S 3¢ 400 M RIS W
a 1-5- Dot St X 1090 Hr: 244 5853 W1
E1) 2
: -13 -1000 -0 a L 100 120
E Feedd Inbengdty H, &'m
-
a
= 1.0 -
é
60Hz
0.5 w

10 10k 100k
Operating frequency (Hz)

Low Frequency

Datasheets Available From AMPED Consortium: www.engineering.pitt.edu/AMPED

APEC?025 Gener

Amorphous &
Nanocrystalline
- DH Characierstics for MAGNETIZS NANDCRY STALLIKE

2
w

Flaw Dy B, T
&
=

Cwis a1 - 1000 Hr: 28062 v
Dats St 3 10080 Hr; B2 410 WA

Cwka 21 1 29099 He: 34 BE2T W
Dita Sei4. 50000 HE 1'HE B344 A1

5
-3 -0 -1 ] o Fo 00
Fiedd Inbensity H, &'m

::::::

=

Medium Frequency

RELATTYE FERMEARILITY

42 BH Characteristics for MAGNETICS FERRITE
04
n:
nz
&gy
s
a
',
]
g
i
02
43 Outs Saf 1: 500037 sz 1095 5045 WA
Data 541 2 100030 Hz; 23825000 A8
o4 Duls Sat 5 200000 He, 207 Y00 A
A5
- -l -100 0 na 200 o

Fidd Intensity H, A/m

=30 KBz =000 kBl =200 kH: —500kHz

FONHHY

S000 /___,_,.a—w—'-”'___-_"‘-\
SO0 50kHz - 500kHz h
H{HHI
MMy

1]

High Frequency
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http://www.engineering.pitt.edu/AMPED

Advanced Magnetics for Power and Energy

Mission Statement

To develop an innovation ecosvstem and educational programs for advancing soft magnetic
materials and component technologies spanning fundamental science to end-use application

Example:
Pitt Programs
Ty

Engineering

Science
Program

Electric Power
Engineering
Program

Development (AMPED) Consortium

in collaboration with various agencies, offices, and programs.

Industry Member
Funding

Federal Government
(DOE, DOD, NASA)

Proposals and
Other Sources

Fundamental Research (Materials, Manufacturing, Electromagnetics)
Applied Research (Pilot-Scale Manufacturing/ ComponentFabrication and Design)

Technology Transition (StudentInternships, Industry Sponsored Projects)

Publications and
Patents for Industry

Talent Pipeline
for Industry

Sponsor Technical
Research Support

Email: amped@pitt.edu

Website: www.engineering.pitt.edu/AMPED

Internships and

Student

Coops

ADVANCED
MAGMHETICS

WUniversity of Pilisburgh |

Rasources "
Student Support
(AMPED Local
Fallowships, Foundations
Funding, Equipmeant
Donations) d

- Administrative Support

= Develop Communication

Establish and Maintains
Memberships

- Distribute Funds
University Partners

and Coordination

and Promotional
Materials

Caroling
Stale

University — Industry — Government Consortium Targeted at Medium to High Power Magnetics Technologies

APEC?025

General

14 of 30


http://www.engineering.pitt.edu/AMPED
mailto:amped@pitt.edu

AMPED Lab Core & Component Characterization

Low-Voltage, Low Current Amplifier Setup Low-Voltage, High Current Amplifier Setup

Data Sheet Development

. “Data Transparency”

. Digitizable Data format.

. Plots AND Tables

. Current and Voltage Excitation Plots
. Photo of core and core with wires.

. Configuration section.

. Repeatable Procedure Developed

- Test setup specifics including
placement of cores.

- Model drawings precisely of
measurements and setups.

- Test system verification setups
iee o and procedures.
. Setup Specifications . Setup Specifications pro;
Voltage. + 125 V Voltage. + 140 VV . Extra data essential for others to repeat
Current. £ 7 A . Current. + 32 A or understand results.
Frequency Range. . Frequency Range.
40Hz — 500kHz DC — 400kHz

Setup Specifications Component Measurements with Bode

Voltage. + 1.2 kV 100, LCR Meter, and DC Resistance
Current. £ 100 A Meter. Used for CMC Inductor testing.
Frequency Range. 1Hz : :
— 75kHz

H-Bridge Setup
Testing Facilities Available at the AMPED Laboratory for Core and Component Performance

APEC?025

General

ADMVARNCED

bAGEE TR

Sawvrsstaine Maserial
LU
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https://pittamped.github.io/StandMag.html

Winding Selection : Considerations

Skin Effect Skin + Proximity Effect
Solid Wire \\
Multi-Strand

Choice
Impacts...
Litz P
|
| | [ |
. More or less "
Window . Parasitic

loss

Planar

APEC?025

Genera 16 of 30



Winding Selection : Considerations

Solid Round Wire - Skin & Proximity effect
Skin & Proximity Effect - Resistance Ratio Rac/Rdc was calculated for 1-layer of 12-turns of 8
#—Solid Round Wire - 8 awg o—Litz Wire - 4 awg awg wire, msylated for 1 kV, based on Eq.
#2.31 from Jimenez.
11
8 10 4
= o | Litz Wire - Skin & Proximity effect was
E . 1 calculated for 1-layer of 12-turns of 4 awg
= o1 wire, insulated for 1 kV, based on Eq. #8
2 : from Barrios.
@ 6
E -
3 S 1 1. Jimenez, "AC Resistance Evaluation of Foil,
S 44 Round and Litz Conductors in Magnetic
m | - -
EI 3 4 Solid Wire . . Components", Master's Thesis, Chalmers
2 I Litz Wire University, 2013.
o 2
1® e e l 2. Barrios, Ursua, Marroyo, Sanchis, “Analytical
100 1,000 10,000 100,000 Design Methodology for Litz-Wired High-
Frequency (Hz) Frequency Power Transformers”, IEEE Trans on
Industrial Electronics, Vol. 62, No. 4, April 2015.

APZC?025 General 17 of 30



Packaging, Thermals, and Terminations

Isolation Requirements

insulated

EATON Transformer 1000kVA, 22/0.4kV, Al
windings, DYN1, EcoD2, hermetic liquid

- Grounding and Isolation
- Packaging (Bobbin, Enclosure)

Clearance:
(Through Air
Distance)

Creepage:
(Over Surface
Distance)

APEC?025

Eaton Transformer — Qil Filled

-+ B cooling:

* Internal - Natural Convection
* Heat from Core & Coil to Oil

Dri ::’ipﬂ Flow I + Circulation - Buoyancy Driven Oil
[ |\ I * Heated Oil rises past Core & Coil
\ ‘ ‘ * Cooled Oil falls thru External Fins
. ‘{ “ * External - Natural Convection

L S e " & * Heat from Fins to External Air

Cooling Type (Natural, Forced, Heat Sink)
Cooling Medium (Air, Oil, Other Thermal Fluid)

Interplay Between Shielding and Termination Techniques
- Termination Type (Lugs, Busbars)

- Dielectric Shielding (Stress Grading, Bushings)

General 18 of 30
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& !

Medium / Low Voltage AC Lab (15kV / 4.16kV / 480VAC) Dedicated MV Test Lab Facility to Be Established
for Distribution Level SST and Related Testing

Lab Facilities for Grid-Scale Testing From LV (480V) Up to MV (15kV)
Lab Capabilities For Utility Grid-Tied Testing in Addition to Component Level Testing

Testing Facilities Available at the AMPED Laboratory for Medium Voltage Performance Benchmarking
APECEUEE Genera 19 of 30



Design Methodologies

Aspects of component design Frasarr s
* Component modeling = l s -
* Finite element analysis (FEA) —
* Magnetic equivalent circuit (MEC) /’ \
* Design processes . :
* Rules of thumb - Manual
Deterministic optimization ] [ ]
* E.g.gradient-based p - [ o] |
*  Stochastic optimization NN ENE
e E.g. genetic algorithm
* Evaluation & Iteration - e

: i . _ machieved?
APEC?025 a0 e 20 01 30



Example #1: Medium Frequency and Low Voltage

Transformer Design Flow Chart

1. Select or Design a Core, with or without a Core Air Gap: Ap, Lpn g, i, €€ CCCCCCCC € ‘

Calculate Core Relative Permeability:

Calculate Core Reluctance:

Calculate Turns each phase (V) to achieve the specified Magnetizing Inductance:
Calculate Core Flux Density (B):

Calculate Leakage Permeance & Inductance each phase:

Calculate Voltage and Current for each Winding:

A A

2. 1SV, OK? oo oo IS BOK? wrveeeeereeeerisseesessnereensens NO —-- Go To #1 - Adjust Core and Wire = = =" |

Calculate Winding Capacitance each phase: I Rpar
Calculate Impedance and Resonance Frequency: ‘T—W—W\'_T‘
Calculate Winding Loss: H
Calculate Core Loss: Cpar

* Calculate Leakage Flux and Surface Eddy Current Loss:
Calculate Temperature Rise for Wire (AT,) and Care (AT,):

3. ISAT, OK?... & ... IBAT, OK? ...cceuniiinimnccniannssaaans NO ----- Go To #1 -- Adjust Core and Wire 2 2 2 > ‘

4. Is overall Size OK? ... &... Is Aspect Ratio OK? ...NO ----- Go To #1 -- Adjust Core and Wire 2> 2 2> 2> >

5. Done

Design Specifications

DESIGN SPECIFICATIONS FOR HIGH FREQUENCY

Parameter Design Value
Input Voltage (Vin) | 800
TABLE 1. Output Voltage | 800
TRANSFORMER | (Vout)
Peak Current (In) 50
Frequency 10 - 200 kHz

Design Constraints

AT., AT, <70C

B, < 70-80% By, (Defined at 90% ,..,)
Adjust Core Dimensions and Number of
Turns to Minimize Size of Transformer

Dual Active Bridge Transformer Operating at f = 10-200kHz — Manual Design Method

APEC?025

General
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Example #1: Medium Frequency and Low Voltage

[ Total Height. HT [in]
Total Width, I7'T [in]

56
6.6

Leakage Flux Lines (2D view)
(10 kHz, 50kW Design Prototype)

Leakage Flux
High Freque

-

& = wow a2 om s
g

Secondary
windings (green) .
g5 Primary
. e, windings (red)

Design

10 kHz Nanocrystalline Sample of Leakage

Core Loss at ~ ___
ncy Design

Cohmic_Loss

s
aose
I -

Flux Core Loss Dist.

Performance Comparison

Assumptions for Loss Measurement:
* Magnetizing core loss : open secondary

* Leakage flux core loss : shorted secondary

Parameters Measured Results
Flux density [T] 0.630
Magnetizing core loss [W] 64.30
Leakage flux density [T] 0.047
Leakage core loss [W] 62.50

Relative Comparison

in Leakage Core Loss

Calculation Method |Leakage Core Loss [W]
Measured 62.50
MEC analytical 60.88

Core Loss - Shell Type Transformer - 10 kHz

A Shorted Secondary - Shell-Type
O Open Secondary - Shell-Type

— CMU Finemet Core - Steinmetz Eqg.

Leakage Flux Induced Eddy Current Losses — Models and Impacts on MF Transformer Designs

APEC?025

General

1000
+
100 -
R
K, 5B
3 10 ,‘—I,hl a2
4 F\jl";) c(p(\"):
; o * 6‘: - :
o | 9o «% A A! 3
] oA ? 1=
<1 A 7 5 =
5 wmsT g
A LH i
2T 8
SE i
n Wi i
5ot o 8! oi3
0.01 0.10 1.00
Flux Density - B [T)
22 of 30



Example #1: Medium Freauency and Low

ypuaqe

Finem)
89 f— 250 . 09 4 o &
30~90 - 30~00 20~00 g
7 _ F —~ 0E 30~90
2 i B 1y /), €., s Saw PR
il <200 P = /
= -] ) ! = @ 50 FerraxCube
m s 5 Fingmet Bl g 0.6 Finemet £ A 195
s 4 FerroxCubg w 150 FTRTL X A os FT3TL ¢
= aces E 7Y 5 0" Z
g 3 = 100 4 Pl E 4 FerroxCujbe E.ln
2§ Finemet = Ferroxcute { ; S - sc9s Ex»
FT-3TL 50 2085 0.2 3 @
1 = o ‘\.y S
0 0 == 1 .
10 100 10 —10 Om e 10 i
Frequency (kHz) Frequency (kHz) Frequency (kHz) Frequency (kHz)
Total mass vs Freq. Total core loss vs Freq. Flux density vs Freq. Core Temp. vs Freq.
10~30 kHz Design 30~90 kHz Design 90~200 kHz Design
= ey y g oondary Primary Secondary (im) Primasy . )
m]rﬂ.nz [ —) - o Ilmdug:lgr:ln-] srindings {red) c:, 1 windings (grees) -.mdi;;?;:‘\'mj [
12 L] windings (green)  Stuendary ] 5 Primary Secondary
wandimgs fred) g I windisgs (green) riamirs.
i 5 . ) _ﬂﬁ:!' umrn;:_ “L‘%dj i '] g windings {red)
& 4 e 3 3 F
[} 3 ! 3 !
- 2.7 -
1 : ! 1 1
3 1 1
L] [
‘ ’ 0i— ; 12 3 4 5 6w 1 1 3 4 5 §im
Sz ke e s Pl E ot Py s em Ferrite Design Nano. Design
Ferrite Desigh mm Nano. Design Ferrite Design Nano, Design = — . 2t

Nanocrystalline Design: higher flux

density

APEC?025

and lower total mass

-

Cross-over point: Ferrite designs becomes
superior to Nanocrystalline designs

Benchmarking of “Optimized” Designs Comparing Ferrite and Nanocrystalline Cores Including Leakage Losses

General

>

Ferrite Design: lower core loss and

lower total mass

23 of 30



Example #2: Medium Frequency and Medium Voltage

Clearance (mm) for Equipment
; : _ Pollition

[ mia kv 1 2 3 4

1w { 0.33 0.01 0.2 0.8 1.6

ol |Rez o= 0.5 0.04 0.2 0.8 1.6

L] L] 0.8 0.1 0.2 0.8 1.6

=r,Jzb,, ERo|Ehs 2R, 15 0.5 0.5 0.8 1.6

il N 2.5 1.5 1.5 15 1.6

éngi RE ih:;% 4 3 3 3 3

el ey 1k 6 5.5 5.5 5.5 5.5

é@ I _{3355.{55;1 8 8 8 8 8

e 12 14 14 14 14
Complete MEC Simplified MEC 16 19.4 19.4 19.4 19.4

at Full Load . . -
- s . Isolation Clearances for Electrical Equipment
- - = from IEC 60947-1 and UL 840.
=] L, ~1/R, ~ Clearance - Increased Iso_latif)n Voltage Leve_l _ _
# - Larger Interwinding and Core Winding Spacings
) L 4 as Clearance 1 - Larger Leakag_e FI_ux and Assomatgd I._osses _
) - Smaller Interwinding and Core / Winding Capacitances

Dual Active Bridge Transformer Operating at f = 10kHz — Impacts of Isolation on Transformer Designs

APZC?025 General 24 of 30



Example #2: Medium Frequency and Medium Voltage

Design Specification for Optimization v Nanocrystalline Designs
Parameters Design Value e
Base Material Nanocrystalline Design | Ferrite Design |
Frequency [kHZ] 10
Flux density (Peak) [T] 0.630 | 0.193 I] I]
Primary voltage [V] 1131.4 (peak), 800 (RMS)
Primary current [A] 89.2 (peak), 63.1 (RMS) \_ \ N
Output power [kW] 50 cee e==z=l
Primary turns 12 T - _,'f \,I 17 %
Secondary turns 15 ' I -‘I‘I | L e ' I
Isolation space, S, [mm] 9, 16, 23 SrE== s -
00 . : 600 — 9 mm 16 mm 23 mm
# M talli . mm-Nanocry - -
| . - ommeeme V' Ferrite Designs
280 T ] - ® 16 mm-Nanocry
v 16 mm-Ferrite
® 23 mm-Nan
2 2m g 0 v 23 mr'n-Fcan::Zry ' I I I I
Cg% ;g" 300 v 1
£ 150 5
= ® 200 N
1oy N 100 Y O o H B E H i i | u u
: R s I 1 1 a 1 ] u =
M " ST 5 AT H {HHI H H i H H -
. | M ke ik A O | ] [ N
a0 0 a I = 1 B
0 20 40 60 80 100 0 20 40 60 80 100 - -
IMass (kg) Mass (kg) 1 u
Trade-off Between Mass and Loss 9 mm 16 mm

23 mm
Multi-Objective Optimization Benchmarking of Ferrite and Nanocrystalline Transformer Solutions
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Example #3: Three-Winding Transformer

50 4 Grid
PV Array \WA g% 1000 V
800 VDC /
Converter C:r?:::t:ar 50
LT
DC/AC

Battery Converter 10 kHz 3-Winding Transformer

* 50 kW ... PV to Grid

W

600 VDC [ e + 25 KW ... PV to Battery

* 25 kW ... Grid to Battery

+ 25 kW ... Battery to Grid

Three Winding Transformer — Power Flow Between Windings and Electrical Equivalent Circuit Requirements
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Example #3: Three-Winding Transformer

Concentric Coils

Outside - Grid ... N=15, 4 awg Litz, 1000 v
Battery ... N= 9, 6 awg Litz, 600 v - . tmn
Inside - PV ... N=12, 4 Litz, 800 : b .
nside _ < B I./ e e 3 Finemet Cores
AR Epoxy Filled
a8 ddd0d 9.6" x 8.7" x 1.15”

No Core Gap

3D Printed Nylon
Bobbins & Supports

Shell-Type Transformer

Triple Active Bridge Transformer Operating at f = 10kHz — Manual Design
Core and Winding Selection — Nanocrystalline and Litz Wire Windings
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Example #3: Three-Winding Transformer

Comparison of SHELL Type and CORE Type Transformers

CORE Type SHELL Type
Transformer - Performance Measured Measured % Difference

Primary Current @ 50 kw (I 103.3 Apk 88.9 A-pk -13.9%

Leakage Inductance I[LI_,_J 89.7 uH 15.5 uH -82.9%

Calc. — Coil-to-Coil Capacitance (C,;) 11.7 pF 79.3 pF +578.%
Primary Flux Density@ 50 kw (B,) 0631 T 0631 T 0%

Leakage Flux Density @ 50 kw (B,:) 0320 T 0048 T -85.0%
Magnetizing — Core Loss @ 50 kw (P,.,.) 6.5 wikg 6.5 wikg 0%

Leakage — Core Loss @ 50 kw (P} 123. wikg 8.3 wikg -93.3%

Calc. — Temperature Rise (with Fan) (AT) 605 °C f0°C -88.4%

Core-Type Design: ' 4 _

Grid, 18N, 4 awg Litz
Battery, 10N, 6 awg Litz
PV, 12N, 4 awg Litz

Shell-Type:
15N, 4 awg Litz

9N, 6 awg Litz
12N, 4 awg Litz

Overall Transformer Efficiency and Performance Benchmarking — Transformer Topology Mitigates Losses

APEC?025
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Summary of Key Points

APEC

Solid State Transformer Reqguirements and Standards are Still in Development

* LF Standards Offer Initial Guidelines But Must Be Revisited for MF and HF
* |Isolation of Wound Core Transformer vs. Overall SST
* Necessary Testing Details Including Partial Discharge, Applied Voltage, and BIL
* Modularity of Designs and Specifications
e Standards and Requirements will Directly Impact Achievable Figures of Merit
* Size and Weight
e Efficiency

Optimized Transformer Designs Require a Holistic Approach
. Definition of Required Specifications
Standardized Testing and Robust Design Methodologies
*  Consideration of Core Materials and Manufacturing As Well as Winding Design
Transformer Topologies and Interplay with Converter Requirements
. Isolation, Packaging, Termination, and Thermal Performance

Final Validation and Testing in Application Relevant Condition to Ensure Performance

Genera

30



Acknowledgement

ADVANCED
MAGNETICS
FOR POWER & ENERGY
DEVELOPMENT
E A

Vehicle Technology Office

(Award # DE-EE0009870) Powering Business Worldwide
Contact Information: “cnmm
Dr. Paul R. Ohodnicki, Jr. |\ 4
pro8@pitt.edu

APEC?025

30 of 30



